For 30 years, it has been clear that angiosperm mitochondrial genomes evolve rapidly in sequence arrangement (i.e., synteny), yet absolute rates of rearrangement have not been measured in any plant group, nor is it known how much these rates vary. To investigate these issues, we sequenced and reconstructed the rearrangement history of seven mitochondrial genomes in Monsonia (Geraniaceae). We show that rearrangements (occurring mostly as inversions) not only take place at generally high rates in these genomes but also uncover significant variation in rearrangement rates. For example, the hyperactive mitochondrial genome of Monsonia ciliata has accumulated at least 30 rearrangements over the last million years, whereas the branch leading to M. ciliata and its sister species has sustained rearrangement at a rate that is at least ten times lower. Furthermore, our analysis of published data shows that rates of mitochondrial genome rearrangement in seed plants vary by at least 600-fold. We find that sites of rearrangement are highly preferentially located in very close proximity to repeated sequences in Monsonia. This provides strong support for the hypothesis that rearrangement in angiosperm mitochondrial genomes occurs largely through repeat-mediated recombination. Because there is little variation in the amount of repeat sequence among Monsonia genomes, the variable rates of rearrangement in Monsonia probably reflect variable rates of mitochondrial recombination itself. Finally, we show that mitochondrial synonymous substitutions occur in a clock-like manner in Monsonia; rates of mitochondrial substitutions and rearrangements are therefore highly uncoupled in this group.
Introduction
The mitochondrial genomes of angiosperms evolve very rapidly in terms of genome rearrangement despite generally very low rates of sequence evolution. Most angiosperm mitochondrial genomes have synonymous substitution rates that are 3-9 and 15-20 times lower than those of plastid and nuclear genomes, respectively, from the same plants (Drouin et al. 2008; Richardson et al. 2013) . In contrast, rearrangements are frequent even among closely related mitochondrial DNAs (mtDNAs), for example, within Beta (Kubo et al. 1999; Satoh et al. 2004; Darracq et al. 2011) , Brassica (Palmer and Herbon 1988) , Olea ( Van de Paer et al. 2018) , Silene Sloan, Müller, et al. 2012) , and Zea (Fauron et al. 1987; Fauron and Havlik 1989; Allen et al. 2007 ).
The frequent rearrangement in angiosperm mtDNA is thought to be the result of highly active recombination, for which the occurrence and genetic basis has been largely uncovered through studies of Arabidopsis (Shedge et al. 2007; Arrieta-Montiel et al. 2009; Davila et al. 2011 ). This rearrangement has been attributed to recombination between repeat sequences. Most angiosperm mtDNAs have many repeat sequences, and repeats of intermediate length, those from $50-500 bp, are thought to be subject to not-infrequent recombination (Mar echal and Brisson 2010; Woloszynska 2010) .
Although a high degree of mtDNA rearrangement has been shown to occur throughout angiosperms, absolute rates of rearrangement and the extent to which these rates vary over evolutionary time have yet to be explored. Extreme variation (100-fold or more) in rates of mitochondrial synonymous substitutions has been demonstrated in certain groups of closely related angiosperms (Cho et al. 2004; Parkinson et al. 2005; Mower et al. 2007; Sloan et al. 2009; ). This raises important questions: Do rearrangement rates also vary substantially in angiosperm mtDNAs, and if so, do they covary with substitution rates? It is important to examine rearrangement rates on a relatively short timescale to avoid saturation effects resulting from overlapping rearrangements, direct reversals, or other types of reuse of rearrangement endpoints.
In order to measure mtDNA rearrangement rates and assess potential rate heterogeneity in a set of appropriately closely related angiosperms, as well as test a key prediction of the hypothesis that rearrangement is due to repeatmediated recombination, we inferred the history of rearrangement for seven mitochondrial genomes in the genus Monsonia (Geraniaceae). We constructed high-quality draft assemblies of these genomes, measured rearrangement and substitution rates, and investigated the distribution of repeats and sites of rearrangement. Our analyses revealed extensive variation in rearrangement rates in Monsonia, even within relatively short time periods of $1 My. In striking contrast, synonymous substitution rates are virtually invariant in Monsonia. There is also very little variation in repeat content among Monsonia mtDNAs. Therefore, the observed differences in rearrangement rate are probably largely the result of differences in mitochondrial recombination activity. Repeats and sites of rearrangement preferentially occur in close proximity to each other in Monsonia. This pattern provides strong evidence that repeat-mediated recombination is the primary mode of mtDNA rearrangement in angiosperms.
Results

Phylogenetic Analyses
The phylogenetic tree inferred from a 39,277-nt plastid gene concatenate ( fig. 1A ) resolves clades within Monsonia with high support (>98% bootstrap support for all five bipartitions and 100% support for three of them). A chronogram inferred from the same plastid alignment and a single fossil calibration point estimates the split of Monsonia and Geranium at $22.9 Ma and the most recent common ancestor of the seven examined Monsonia species at $8.9 Ma (supplementary fig.  S2 , Supplementary Material online). The phylogenetic tree inferred from a 29,070-nt mitochondrial gene concatenate ( fig. 1B ) has very poor support (all bootstrap values are <50%), which is not unexpected given the shorter length of the mitochondrial alignment compared with the plastid one, and, especially, that mitochondrial synonymous substitution rates in Monsonia are on average 7.8 times lower than plastid rates. Nonetheless, the mitochondrial tree is congruent with the plastid tree with the exception of the placement of Monsonia emarginata and M. marlothii, which is due to a single nearest-neighbor interchange. In contrast, the tree inferred from mitochondrial rearrangements ( fig. 1C) , although relatively well supported (64-93% bootstrap), is entirely discordant from the other two trees, sharing no inferred bipartitions with either.
Genome Assemblies and Genome Size Variation
Draft assemblies of the seven examined Monsonia mitochondrial genomes (table 1; supplementary tables S1 and table S2 , Supplementary Material online) consist of 4-11 scaffolds, with minimum estimates of genome size that vary from 400 to 605 kb (supplementary table S1, Supplementary Material online). To gain perspective on these estimates, we applied the same assembly protocol to the raw sequence data used by Park et al. (2015) to construct a complete assembly of the 736-kb mtDNA of the only fully assembled member of the Geraniaceae, Geranium maderense. The G. maderense sequence data are the same type used in the current study (i.e., 100-bp paired-end reads from an 800-bp insert library) and were generated using the same sequencing platform by the same sequencing facility. Our assembly of the G. maderense data recovered 95% (699 kb) of the complete published assembly and is comparable to the Monsonia assemblies in a number of ways (supplementary table S1, Supplementary Material online). For example, it consists of nine scaffolds (compared with 4-11 for Monsonia), the largest of which comprises 62% of the assembly (compared with 59-61% for the three best Monsonia assemblies in this respect). Hence, the draft Monsonia assemblies probably contain the great majority of the genomes and are therefore appropriate for analyzing genome rearrangement and other global genomic properties.
The sequences that are most likely to be missing from these assemblies are perfect or near-perfect repeats and plastid-derived sequences, in both cases ones that are larger than the $800-bp inserts used for sequencing. However, plastid-derived sequences typically constitute only 3-6% of angiosperm mtDNAs (Mower et al. 2012) , and large repeats are generally quite rare (0-3 pairs per genome) among most sequenced eudicot mtDNAs (Alverson, Zhuo, et al. 2011) . Indeed, inspection of the Geranium sequence that is not recovered in the assembly performed with our methodology 
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shows that 52% of the missing sequence is repeated sequence (with all large repeats missing) and 19% of the missing sequence is of plastid origin. The size estimates (400-605kb) for the seven Monsonia genomes fall within the size range of most fully sequenced angiosperm mtDNAs (Mower et al. 2012) . Comparable or more limited levels of within-genus variation in genome size have been reported for Oryza (1.59-fold size range; Bentolila and Stefanov 2012), Beta (1.48-fold; Darracq et al. 2011) , Zea (1.37-fold; Allen et al. 2007; Darracq et al. 2010) , Brassica (1.24-fold; Palmer and Herbon 1988; Tanaka et al. 2012) , Gossypium (1.11-fold; Tang et al. 2015; Chen et al. 2017) , and Olea (1.11-fold; Van de Paer et al. 2018) . In striking contrast, the only two sequenced genomes from Viscum (Skippington et al. 2017) differ in size by a factor of 8.5, while there is an astonishing 45-fold range in genome size within Silene, which contains the largest known mitochondrial genome of 11.3 Mb ).
Gene and Intron Content
The seven examined mitochondrial genomes of Monsonia have identical sets of protein and rRNA genes. The set of 27 protein genes (atp1, atp4, atp6, atp8, atp9, ccmB, ccmC, ccmFc, ccmFn, cob, cox1, cox2, cox3, matR, mttB, nad1, nad2, nad3, nad4, nad4L, nad5, nad6, nad7, nad9, rpl10, rps1, rps3 ) is the same as that found in most other sequenced members of the Geraniaceae (Park et al. 2015) . This gene complement reflects extensive gene loss (including functional transfer to the nucleus) that has occurred since the common ancestor of angiosperms, which had 41 genes , with 9 of these 14 losses having occurred prior to the last common ancestor of extant Geraniaceae species (Park et al. 2015) . The Monsonia mtDNAs contain the same set of rRNA genes (rrn5, rrnS, and rrnL) found in all other angiosperms (Skippington et al. 2017) .
The seven Monsonia mtDNAs are also invariant with respect to intron content; they possess the same set of five cisspliced and four trans-spliced group II introns that are present in the three other genera of the Geraniaceae with sequenced genomes (Park et al. 2015) . This is in contrast to the 25 introns present in the ancestral set of angiosperms and the 20-25 introns found in most angiosperms . Fourteen of the 16 missing introns are the result of loss of the introns themselves, while two are the result of loss of the genes that normally house them (see supplementary table S3 of Park et al. 2015) .
In contrast to the above features, the Monsonia assemblies vary extensively in their complement of tRNA genes, which ranges between 13 and 21 unique tRNA genes (supplementary fig. S3 , Supplementary Material online). Some of this variation could be the result of incomplete assembly. However, the complete recovery of the expected set of protein and rRNA genes in the assemblies and the failure to find additional tRNA genes in searches of the raw-read data indicate that most of it is probably real. The phylogenetic distribution of tRNA gene variation indicates a history of frequent gene loss with occasional gene gain (supplementary fig. S3 , Supplementary Material online). The best candidates for gain are the plastid-derived trnR(acg) and trnS(gcu) that are present in only M. herrei; in contrast to a single putative gain of these two genes, all-loss scenarios would require five losses of each gene within Monsonia.
Synonymous Substitution Rates
Synonymous substitution rates within Monsonia exhibit very little variation ( fig. 2B ) and fail to reject a test of the molecular clock ( fig. 3B ; P ¼ 0.84). The group shows only 1.26-fold variation in synonymous substitution rates, ranging from 4.3 to 5.4 Â 10 À10 substitutions/site/year across the tree. These rates fall within the range observed among most angiosperm mtDNAs (Mower et al. 2007; Richardson et al. 2013 ). However, the low level of variation within Monsonia is somewhat surprising, given the more extensive variation in synonymous substitution rates among mtDNAs of angiosperms in general (Mower et al. 2007 ) and within genera such as Erodium (2.0-fold; Parkinson et al. 2005) , Geranium (2.6-fold; Park et al. 2017) , and Viscaria (4.4-fold; Sloan et al. 2009 ), not to mention three extreme cases (Pelargonium, Plantago, and Silene) with $100-fold intrageneric variation in synonymous substitution rates (Cho et Rates of Repeat-Mediated Mitochondrial Genome Rearrangement . doi:10.1093/molbev/msy176
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Rearrangement Rates
Rates of rearrangements vary 10-fold across Monsonia in the analysis summarized in figure 2A , with rates ranging from 3.6 to 35.2 rearrangements per million years. The hypothesis of a molecular clock explaining rates of rearrangement across the tree is rejected ( fig. 3A ; P ¼ 0.009), and the hypothesis that these rates fit a Poisson distribution is also rejected (P < 0.001, mean ¼ 9.5 rearrangements per million years, variance ¼ 45.5 rearrangements per million years). The above estimate of the range of rearrangement rate variation is necessarily conservative because rate heterogeneity can be measured only between branches but not along them and because rates vary so much between branches in Monsonia. Therefore, at times, rearrangement rates must have been lower (perhaps substantially so) on the low-rate branches and higher (again, perhaps substantially so) on the high-rate branches. The incomplete nature of the Monsonia assemblies (4-11 scaffolds; supplementary table S1, Supplementary Material online) has inflated the inferred number of rearrangements, differentially so, across the tree. An adjustment (Muñoz and Sankoff 2010) was therefore applied to rearrangements inferred from pairwise comparisons (table 2) in order to estimate the minimum number of rearrangements given the incompleteness of the assemblies. This adjustment reduced the inferred number of rearrangements (by 7-18 depending on the pair). Note that the overestimation of rearrangement across trees arising from incomplete assemblies has been shown to be small in simulations on genomes that are much more fragmented and much less rearranged than these ones (Zheng and Sankoff 2016) . show that a disproportionate fraction of this rearrangement occurred in the M. ciliata lineage. For example, the alignments reveal that the M. herrei genome is actually more syntenic with the M. vanderietiae genome (an $2.8-My divergence) than with its sister, M. ciliata genome (an $1.1-My divergence). The rearrangement rate difference between M. ciliata and M. herrei shown in figure 3A is significant by the relative rates test (P < 0.005).
The different Monsonia tree topologies produce dramatically different estimates of rearrangement rate heterogeneity. Rearrangements inferred on the plastid-based topology rejected the hypothesis that mitochondrial rearrangement in Monsonia occurs in a clocklike fashion (P ¼ 0.009; fig. 3A ), whereas the rearrangement-based tree failed to reject this hypothesis (P ¼ 0.51; fig. 1C ). In other words, much lower rearrangement-rate heterogeneity is inferred when using the rearrangement-based tree.
The Monsonia rearrangements are explained by a majority of inferred inversions in all pairwise comparisons (53-93%, mean ¼ 71%, median ¼ 71%), with on-average fewer than one-third as many inferred transpositions (6-41%, mean ¼ 23%, median ¼ 19%; supplementary table S3, Supplementary Material online). This is despite the tendency of genomerearrangement reconstruction algorithms to resolve overlapping inversions (as would presumably occur in Monsonia-like situations with extensive rearrangement) as a single transposition event ) and for transpositions to more parsimoniously resolve genome-rearrangement patterns, even in those weighting schemes that penalize them (Bernt, Wieseke, et al. 2013 ). 
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The discovery of extensive variation in mitochondrial rearrangement rates in Monsonia prompted us to measure rates in two seed plant groups for which published data raised the possibility of either much slower rates than in Monsonia or even higher ones. Rearrangement between Ginkgo and Cycas mtDNAs was explained by 77 events (supplementary fig. S5 , Supplementary Material online), while rearrangement between pairs of four Silene vulgaris mtDNAs from different populations was explained by between 58 and 73 events (supplementary fig. S6 , Supplementary Material online). These data correspond to rates of only 0.11 rearrangements per million years in the Ginkgo/Cycas comparison given their common ancestry about 340 Ma (Guo et al. 2016 ) and at least 58-76 rearrangements per million years for different pairs of Silene vulgaris mtDNA given a common ancestry of the four populations of at most 490 ka (Rautenberg et al. 2012) . Thus, even with such scant sampling, mtDNA rearrangement rates vary across seed plants by at least 600-fold.
Co-Occurrence of Homologous Region Boundaries and Repetitive Sequence
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FIG. 4.
Evidence for an elevated rate of mitochondrial rearrangement in the Monsonia ciliata lineage. The first number after each Mauve alignment is the number of rearrangements inferred, while the second is the minimum possible number of rearrangements given the incompleteness of the genomes (see text for fuller explanation). Numbers on the trees are in millions of years. Red lines represent "boundaries" between scaffolds, whose order was determined by Mauve.
Rates of Repeat-Mediated Mitochondrial Genome Rearrangement . 
Recombination Activity of Repetitive Sequences
The co-occurrence of HRBs and repeats suggests that repeatmediated recombination has led to mitochondrial rearrangement within Monsonia. However, analysis of the frequency of alternative configurations (ACs) of the single-copy sequences that flank pairs of repeat reveals little or no evidence for ongoing recombination in the two sequenced DNA preparations, from M. ciliata and M. herrei (the terminal lineages with the highest rates of rearrangement; fig. 2 ), that were examined in this regard. Only those repeats larger than 100 bp and smaller than the Illumina insert size of $800 bp were examined for recombination. None of the five examined repeats from M. ciliata shows any evidence of ongoing recombination (i.e., not a single read pair supporting an AC was recovered against a background of about 500 read pairs supporting the predominant configurations, i.e., those present in the genome assembly) (supplementary table S6, Supplementary Material online). Although ACs were recovered for 5 of the 13 examined repeats from M. herrei, their absolute number (1-6) and frequency (0.1-0.5%) are very low, so low that some could be artefactual. At best, then, there is AC evidence for only very low frequency recombination at a minority of repeats in M. herrei, while there is no AC evidence for ongoing recombination in M. ciliata. Furthermore, the low level of sequence identity (83-84%; supplementary table S5, Supplementary Material online) between repeat copies within a genome for the largest repeat pair (991-1,630 bp) , shared by five Monsonia species, indicates that they have experienced very little if any concerted evolution, which in turn implies infrequent recombination. With rare exception , repeats of this size in seed plant mtDNAs are 100% identical due to high frequency, homogenizing recombination between repeat copies within a genome. In addition, all repeat pairs over 300 bp, with the exception of a single repeat pair in M. vanderietiae (701 bp; 100% identity) have relatively low levels of sequence identity (81-93%; supplementary table S5, Supplementary Material online), again suggesting reduced levels of concerted evolution and infrequent recombination.
Discussion
This first study of rates of mitochondrial rearrangement in plants has revealed both generally high rates of rearrangement (mostly occurring as inversions) and substantial (at least 10-fold) variation in rearrangement rate within a single genus. These findings, in combination with our analyses of two gymnosperms and Silene, indicate that mitochondrial rearrangement rates vary across seed plants by at least a factor of 600. As well, rearrangement and substitution rates are completely uncoupled temporally in Monsonia. Rearrangement breakpoints in Monsonia mtDNAs occur in close proximity to repeats; this provides strong evidence for the central role of repeat-mediated recombination in shaping these genomes through rearrangement. Puzzlingly, despite this clear historical signal of an association between repeatmediated recombination and rearrangement, we found very little evidence of ongoing recombination in Monsonia. Below we discuss these findings in the context of the factors and mechanisms responsible for rearrangement in plant mtDNAs, the use of genome-arrangement data in inferring phylogenetic trees in plants, and comparison of genome rearrangement between plant mtDNA and the well-studied organelle genomes of animal mitochondria and angiosperm plastids.
Potential Causes of Extensive Variation in Rates of Genome Rearrangement
In contrast to findings on plastid DNA (see section below) and fungal mtDNA (Aguileta et al. 2014) , we find no evidence that differences in rearrangement rate in Monsonia mtDNA arise from differences in repeat content. Contrary to intuition, which would suggest that differences in rearrangement rate arise from differences in number and size of repeats-the presumed substrates for rearrangement-we observed the most rearrangement in the M. ciliata lineage (figs. 2 and 4), which has the least repetitive DNA by all measures (table 1) . Likewise, though there is limited variation within Monsonia in absolute amount of repetitive DNA ($2.6-fold), relative amount ($1.8-fold), and number of repeat elements ($2.3-fold), none of these features is related to rearrangement rate ( fig. 2A; fig. S7 , Supplementary Material online) suggest that differences in rearrangement rates are not the result of differences in generation time (Li et al. 1996; Lehtonen and Lanfear 2014) . Because repeat content clearly does not correlate with rearrangement rate, the observed variation is probably the result of lineage-specific differences in the rate of recombination. Monsonia mtDNAs exhibit high variation in rearrangement rates and virtually no variation in synonymous substitution rates ( figs. 2 and 3) . These starkly contrasting patterns can be accommodated under a recently developed model in which different underlying mechanisms are proposed to control the rate of these two categories of mutation in angiosperm mtDNA. This model postulates that rearrangements are the consequence of highly active processes such as breakinduced replication (BIR) and nonhomologous end-joining (NHEJ) that operate in intergenic regions and tend to produce structural changes (Christensen 2014) . A second postulate is that the generally low genic substitution rates in angiosperm mtDNAs result from frequent and high-fidelity gene-conversional repair Christensen 2013 ). Under this model, different lineages of Monsonia have utilized these two categories of mechanisms to different extents, with gene conversion-based mechanisms operating at a constant tempo across the genus, accounting for low variation in synonymous substitution rates, and with highly variable rates of BIR and possibly NHEJ accounting for high variation in rearrangement rates.
Uncoupled synonymous substitution and rearrangement rates may also be explained by substitution being influenced by base excision repair (BER) systems, which are wholly separate from recombination-based repair mechanisms such as BIR and NHEJ. The synonymous substitution rate is presumably negatively influenced by effective BER, which is now well established to occur in plant mitochondria (Boesch et al. 2009; Trasviña-Arenas et al. 2018; Ferrando et al. 2018) . Rearrangement, however, would not be affected by the short-patch BER mechanisms known in plant mitochondria. Under this scheme, low variation in the (high) efficacy of BER within Monsonia would explain low variation in synonymous substitution rates, whereas, as described above, high variation in rates of BIR and possibly NHEJ would explain high variation in rearrangement rates.
The rearrangement rate variation in Monsonia may also, at least to some limited extent, be the result of lineage-specific differences in the persistence and fixation of new genome arrangements via neutral or selective forces. The great majority of rearrangements are probably neutral because all rearrangement breakpoints are located in noncoding regions. The power of genetic drift may have varied within Monsonia owing to differences in effective population size differences resulting from, among others factors, variation in the germline mtDNA bottleneck. Unfortunately, to our knowledge, no relevant population-size data are available for Monsonia. On the other hand, plant mtDNA rearrangements have been shown to affect traits that could influence fitness, such as metabolism (Juszczuk et al. 2007; Szal et al. 2010) , cytoplasmic male sterility (Hanson 1991; Schnable and Wise 1998; Delph et al. 2007) , and thermotolerance (Shedge et al. 2010) , so selection may play some role in the maintenance and fixation of a subset of new genome arrangements.
Repeat-Mediated Recombination Drives Mitochondrial Rearrangement in Monsonia
The co-occurrence of HRBs and repeat sequences ( fig. 5) is strong evidence that repeat-mediated recombination is a major force driving the rearrangement of Monsonia mtDNAs. To our knowledge, this is the first time that such an analysis has been conducted on plant mitochondrial genomes. Furthermore, the greater number of rearrangements inferred when using phylogenetic ( fig. 2 ) over pairwise comparisons (table 2) and the saturation apparent in the rearrangement-based tree topology indicate the occurrence of parallel or convergent rearrangements across Monsonia evolution. This would be expected if repeats were being reused in genome rearrangement. These findings, consistent with mechanistic studies (Shedge et al. 2007; Arrieta-Montiel et al. 2009; Davila et al. 2011 ) and intraspecific comparisons (Davila et al. 2011) , provide important evidence at the interspecific level for the central role of repeat-mediated recombination in driving genome rearrangement in angiosperm mtDNAs.
Under the repeat-mediated rearrangement model, the cooccurrence of HRBs and repeat sequences should be most apparent in those lineages in which rearrangement has occurred recently and at high rates. This is because the high rates of sequence turnover in plant mtDNAs Liu et al. 2013; Guo et al. 2016 ) will cause the cooccurrence of repeats and HRBs to decay over time. This co-occurrence should be stronger when repeat-mediated rearrangement is creating these physical associations at a greater pace than sequence turnover is breaking them up. This prediction is met where most expected, in the genome of M. ciliata. The M. ciliata lineage has experienced the highest measured rate of rearrangement in Monsonia, with these events having occurred in the last 1.1 My (figs. 2 and 4). For the 12 total pairwise comparisons involving M. ciliata, the proportion of HRBs located near repeats present in the M. ciliata genome is consistently higher than in the six reciprocal comparisons in which HRB co-occurrence is measured with respect to repeats present in the other Monsonia genomes in the comparisons (fig. 5) . The difference in these two sets of reciprocal proportions is significantly higher for M. ciliata than for the other six Monsonia genomes (P ¼ 0.004 by the paired t-test).
Low Ongoing Recombination between Repeats Despite High Levels of Repeat-Mediated Rearrangement over Evolutionary Time
We found little evidence of recombination activity in DNA samples of M. ciliata and M. herrei (tables S5 and S6, Supplementary Material online) despite their historically frequent and recent rearrangement. Monsonia ciliata, for example, exhibits the highest rearrangement rate of any Monsonia Rates of Repeat-Mediated Mitochondrial Genome Rearrangement . doi:10.1093/molbev/msy176 MBE lineage, yet none of its repeats displays evidence of ongoing recombination as measured by either AC frequencies or repeat homogenization. Observed rates of rearrangement in M. ciliata and M. herrei result from the differential generation, persistence, and fixation of new genome arrangements over the course of evolution; this cannot be measured by simply observing the recombination activity of contemporary plants. This is somewhat analogous to the relationship between the generation and fixation of single-nucleotide mutations and the measurement of substitutions from comparative data. Nonetheless, this disparity poses a fascinating quandary: How do we reconcile high levels of repeat-mediated rearrangement in the recent past with little-to-no evidence for the recombination of repeats in the present?
This quandary may in part be explained by a methodological limitation: Our approach to measure recombination between repeats could not be applied to repeats smaller than the 100-bp Illumina read sizes, yet such short repeats also mediate rearrangements in plant mtDNA, through mechanisms such as microhomology-mediated BIR (Kato et al. 1998; Mar echal and Brisson 2010; Taylor et al. 2015) . On the other hand, the clear evidence that Monsonia mtDNAs have aberrantly low levels of homogenizing recombination between repeats stands on its own, not subject to this obvious methodological caveat.
Tree Inference Using Genome-Arrangement Data and Its Consequences for Estimates of GenomeRearrangement Rates
Mitochondrial rearrangement-based and plastid sequencebased topologies for Monsonia are entirely discordant ( fig. 1 ), indicating that, in the case of Monsonia, using rearrangement-based characters for reconstructing phylogeny is most likely misleading. Indeed, the plastid sequencebased topology is highly preferred over the rearrangementbased topology by the approximately unbiased test (P < 0.001). This discordance is probably not the consequence of differing phylogenetic histories of mitochondrial and plastid genomes in Monsonia, as the sequence-based trees for the mitochondrial and plastid genomes are largely concordant ( fig. 1 ). This discordance contrasts with results from the less rearranged mtDNAs of Beta (Darracq et al. 2011) and Zea (Darracq et al. 2010) , in which rearrangement-based trees were congruent with sequence-based trees. Rearrangements in mtDNA are generally considered "rare genomic changes" useful for low-homoplasy resolution of phylogenetic relationships (Rokas and Holland 2000) and can accurately resolve phylogenetic relationships in animals (Cameron 2014; Eberhard and Wright 2016) and in Beta and Zea. The high level of rearrangement observed in Monsonia mtDNA, however, would appear to make rearrangementbased characters susceptible to saturation effects that are known to lead to erroneous estimates of phylogeny (Hillis and Huelsenbeck 1992) . Though past studies show that mitochondrial rearrangement-based characters can lead to accurate inferences of phylogenetic relationships, our analyses suggest that these inferences may be problematic when mtDNAs are very highly rearranged, which could be the case with other angiosperms (Sloan, Müller, et al. 2012 ) and with fungi (Beaudet et al. 2013; Aguileta et al. 2014 ).
Diverse Tempos and Mechanisms of Organelle Genome Rearrangement in Eukaryotes
Our findings provide an opportunity to compare the tempo and mechanism of rearrangement in angiosperm mtDNAs with those in two of the best studied groups of organelle genomes, those of angiosperm plastids and animal mitochondria. In utter contrast to angiosperm mitochondria, rearrangement is in general very rare in both groups of genomes. In fact, most of the >2,000 sequenced angiosperm plastid genomes are entirely collinear, with this gene order tracing back to the common ancestor of euphyllophytes, some 400 Ma (Mower and Vickrey 2018) . Likewise, many arthropod mtDNAs have undergone no detectable rearrangements over an $550 My period (Shao et al. 2003; Xu et al. 2006; dos Reis et al. 2015) , while rearrangement is also extremely rare in most vertebrates (Saccone et al. 2002; Mueller and Boore 2005; Lavrov and Pett 2016) .
A number of exceptional groups with moderately to highly rearranged genomes have been found in both plastids (Cosner et al. 2004; Jansen et al. 2007; Wicke et al. 2011; Knox 2014; Weng et al. 2014 ) and animal mitochondria (Lavrov et al. 2002; Rubinstein et al. 2013; Figueroa and Baco 2015; Lavrov and Pett 2016) . However, the extent and rate of rearrangement in these groups do not approach those in angiosperm mitochondria. For example, in the "highly" (for plastids) rearranged Geraniaceae (Weng et al. 2014) , 10 sampled branches have 0 or 1 rearrangements, and the five branches with multiple rearrangements have rates of only 0.25-1.3 rearrangements per million years. This compares with the 3.6-35.2 range of rates for Monsonia mtDNAs.
The comparatively infrequent occurrence of inversions in plastids and animal mitochondria is in part due to the paucity of short and intermediate-sized repeats in their genomes. When plastid genomes have abundant repeats, inversions are more common, although never as frequent as in most angiosperm mitochondrial genomes (Haberle et al. 2008; Guisinger et al. 2011; Guo et al. 2014; Knox 2014; Mower and Vickrey 2018) . Similarly, in the few cases of animal mtDNAs where repeats of this size do exist, repeatmediated inversion appears to have occurred Brockman and McFadden 2012; Mao, Austin, et al. 2014; Mao, Gibson, et al. 2014 ). An additional obstacle to rearrangement in plastid and especially animal mitochondrial genomes is their relatively compact, gene-dense organization, as well as the inclusion of many plastid genes in operons.
In angiosperms, repeat-mediated inversion is the predominant mechanism of rearrangement in both the mitochondrial (supplementary table S3, Supplementary Material online; Makaroff and Palmer 1988; Palmer and Herbon 1988; Siculella and Palmer 1988; Bafna and Pevzner 1995; Darracq et al. 2010 ) and plastid genomes (Palmer et al. 1987 2018) . In contrast, mtDNA rearrangement in animals is thought to mostly occur through the generation of large tandem duplications followed by differential loss of gene duplicates (Moritz et al. 1987; Boore 2000) . The outcome of this mechanism, and therefore the most common form of rearrangement in animal mtDNA, is transposition (Bernt, Braband, et al. 2013; Cameron 2014) .
Conclusion
Mitochondrial genomes of seed plants are already known to vary dramatically in rates of synonymous substitutions (Mower et al. 2007; Richardson et al. 2013) , gene loss accompanied by functional transfer to the nucleus (Adams et al. 2002; Adams and Palmer 2003; Guo et al. 2016) , and sequence turnover (Guo et al. 2016) . We now add rearrangement to this growing list of genomic traits that vary enormously in rate across seed plants, and even among closely related species. Seed plant mtDNAs exhibit moderate-to-high variation in other genomic features, including genome size (Ward et al. 1981; Skippington et al. 2015) , amount of plastid-derived DNA (Mower et al. 2012; Rice et al. 2013) , intron content (Park et al. 2015; Guo et al. 2016) , and edit-site content Park et al. 2015; Guo et al. 2016 ). This trait variation has not yet been put in the framework of absolute evolutionary rates. Going forward, such efforts may require improved taxon sampling, both broadly and also densely within closely related groups for those traits that, like rearrangement, are prone to saturation.
Materials and Methods
Genome Sequencing, Assembly, and Annotation Total genomic DNA was isolated from fresh leaf tissue from seven species of Monsonia. Approximately 4-5 Gb of 100-bp paired-end reads were generated from an 800-bp insert library for each species using the Illumina HiSeq2000 sequencing platform at the Genome and Sequence Analysis Facility at the University of Texas at Austin.
Genome sequences were assembled de novo using Velvet 1.2.08 (Zerbino and Birney 2008) using k-mer values ranging from 31 to 99 and expected coverage values ranging from 50 to 500 with minimum coverage set at 5. Mitochondrial scaffolds selected postassembly were 1) those containing mitochondrial genes and 2) those nongenic scaffolds with a comparable k-mer coverage as the genic scaffolds ($5 to $55 depending on the assembly). Genome assemblies were annotated using MITOFY (Alverson et al. 2010) . BLAST 2.2.30 (Altschul et al. 1990 ) was used to search raw reads for evidence of any tRNA genes of mitochondrial origin that were not recovered in the assembly. Ungapped BlastN with a raw score cutoff of 30 was used for these searches.
Inference of Monsonia Phylogeny and Divergence Times
A concatenated alignment of 39,277 nucleotides from 27 plastid protein genes for the seven species of Monsonia (sequences provided by J. Zhang and R. Jansen) and two outgroups, Pelargonium hortorum (Chumley et al. 2006) and Geranium palmatum (Guisinger et al. 2011) , was generated using MUSCLE 3.8.29 (Edgar 2004 ) with default parameters. A concatenated alignment of 27,090 nucleotides from all 27 protein-coding mitochondrial genes for the seven species of Monsonia and an outgroup, Geranium maderense (Park et al. 2015) , was also generated using MUSCLE 3.8.29 (Edgar 2004 ) with default parameters. Phylogenetic trees were inferred from each alignment using PhyML 3.1.2 (Guindon and Gascuel 2003) with the GTRþG substitution model employed on the basis of the Bayesian information criterion in jModeltest 2.1.6 (Darriba et al. 2012) . Bootstrap values were calculated using 1,000 pseudoreplicates. Tree topologies were compared using the approximately unbiased test (Shimodaira 2002) as implemented in CONSEL 0.20 (Shimodaira and Hasegawa 2001) . Divergence times were inferred in RelTime (Tamura et al. 2012 ) using the plastid sequence tree and a fossil calibration (Palazzesi et al. 2012 ) that constrained the common ancestor of Pelargonium and Monsonia to be at least 28.4 My old.
Estimation of Mitochondrial Substitution Rates
Synonymous substitution rates were calculated in HyPhy version 2.2 ) using the concatenated alignment of 27 mitochondrial genes and constraining the tree topology to the inferred plastid-based estimate of Monsonia phylogeny. Analyses were performed using the MG94xREV codon model with local variation in rate parameters. This model allows for the estimation of all parameters in the GTR substitution matrix as recommended by jModeltest. Absolute rates of mitochondrial synonymous substitutions were obtained by dividing branch lengths in terms of synonymous substitutions per site by branch lengths in absolute time from the inference of divergence times.
Analysis of Rearrangement
Alignments of all pairwise combinations of the seven Monsonia genomes and a multiple alignment of all seven genomes were generated using the progressiveMauve algorithm (Darling et al. 2010) as implemented in Mauve Build 10 (Darling et al. 2004) . Homologous regions in each alignment were inferred using the minimum LCB size setting. Pairwise rearrangement distances in terms of minimum number of rearrangements were inferred using GRIMM (Tesler 2002) . The minimum possible numbers of rearrangements given the incompleteness of these genomes were calculated using the rationale in Muñoz and Sankoff (2010) under the assumption that these genomes should assemble as a single circular chromosome.
To infer the rate of rearrangement across different branches of the tree, the order and orientation of homologous regions as determined by the seven-species alignment produced by Mauve were used in MLGO (Hu et al. 2014) to infer the ancestral genome arrangement at each internal node. Subsequently, the rearrangement distance between each of these nodes and their neighboring nodes was inferred with GRIMM. The resulting numbers of rearrangements on each branch of the tree were divided by the lengths of the Rates of Repeat-Mediated Mitochondrial Genome Rearrangement . doi:10.1093/molbev/msy176 MBE branches in absolute time to calculate branch-wise rearrangement rates. The relative-rates-of-gene-rearrangement test (Dowton 2004 ) was performed to compare the rearrangement rates of the M. ciliata and M. herrei lineages and to address rate variation in a manner that is independent of divergence time estimates. Pairwise rearrangement distances between species were used, and the test was performed with both M. vanderietiae and M. camdeboense as outgroups.
A rearrangement-based tree was inferred using homologous-region adjacencies as binary characters using MLGO without an outgroup because the closest sequenced mitochondrial genome, Geranium maderense, shares very little sequence content and synteny with Monsonia (supplementary fig. S1, Supplementary Material online) . A phylogenetic test of the molecular clock (Takezaki et al. 1995) as implemented in MEGA 6 (Tamura et al. 2013 ) was performed for both the plastid tree topology with branch lengths scaled by numbers of rearrangements and the mitochondrial tree inferred using MLGO as another way of addressing rate heterogeneity in a way that is independent of estimates of divergence time. A chi-square test for goodness of fit was also performed to determine whether rates of rearrangement could be explained by a Poisson distribution, which is another expectation of the molecular clock.
A multiple alignment of four Silene vulgaris genomes (from Sloan, Müller, et al. [2012] ) and pairwise alignments of Ginkgo biloba and Cycas taitungensis (from Guo et al. [2016] and Chaw et al. [2008] , respectively) and of Geranium maderense (from Park et al. [2015] ) and Monsonia emarginata were generated using the progressiveMauve algorithm (Darling et al. 2010) as implemented in Mauve Build 10 (Darling et al. 2004) . Homologous regions in each alignment were inferred using the minimum LCB size setting. Pairwise rearrangement distances in terms of minimum number of rearrangements were inferred between all combinations of S. vulgaris genomes as well as the Cycas-Ginkgo pair using GRIMM (Tesler 2002 ).
Repeats and Recombination
Repeats were detected using BLAST 2.2.30 (Altschul et al. 1990 ) to search each of the seven Monsonia genomes against themselves. Ungapped BlastN with a raw score cutoff of 30 was used for these searches. Further searches for tandem duplications too divergent to be detected through BLAST were performed using Tandem Repeats Finder with the most permissive possible settings (Benson 1999) .
To examine recombinational activity of repeats in M. ciliata and M. herrei, AC frequencies were assessed using pairedend data. Read pairs were classified as consistently mapping if they mapped to the genome sequence in the predominant orientation at the expected distance (650% of the 800-bp insert size). To determine the number of read pairs supporting each arrangement of each repeat pair, we first counted the number of consistently mapping pairs, that is, those that corresponded to the predominant configuration of singlecopy sequences flanking each repeat as present in the genome assemblies. Those read pairs that did not map consistently to the predominant genome sequence were classified as inconsistently mapping read pairs. These were subsequently checked to determine whether they map to a recombinant form of the genome produced by recombination at a repeat. Read pairs supporting recombinant forms were counted for each repeat. Recombination frequency was calculated by dividing the number of recombinant read pairs by the total number of read pairs spanning each repeat.
Proximity of Repeats and Rearrangement Breakpoints
HRBs from the pairwise Mauve alignments were used as proxies for sites of rearrangement in order to assess whether such sites are preferentially found in close proximity to the repeated sequences detected using BLAST. HRBs on the ends of scaffolds were excluded from these analyses. The number of HRBs within 50 bp of each repeat was counted and divided by the total number of HRBs to give the proportion of HRBs found in close proximity to repeats. This 50-bp separation is introduced to account for small-scale structural changes that may occur near rearrangement boundaries, including the potential loss or replacement of some portion of the repeated sequences involved in recombination (Davila et al. 2011) . To compare this proportion to a null expectation, replicates were simulated in which the positions of HRBs were randomized, with genome size, repeat sizes, and repeat positions held constant and the same as those in the genome of interest. A total of 10,000 of these replicates were generated for each comparison. P-values were calculated by counting the number of replicates with a larger proportion of HRBs in close proximity of repeats than the genome in question and dividing by the number of replicates.
Supplementary Material
Supplementary data are available at Molecular Biology and Evolution online.
